ABSTRACT The amount of hepatic export of glutathione into bile and the importance of γ-glutamyl transpeptidase (γGT) activity for catabolizing glutathione in the bile duct, have not been reported previously for domestic fowl. Therefore, the primary objective of this study was to establish baseline values of biliary glutathione, and a secondary objective was to investigate the effect of acivicin (AT-125; a γGT inhibitor) on biliary glutathione in the chicken. Cannulae were placed in the carotid artery (to measure blood pressure) and into the left bile duct of anesthetized male Single Comb White Leghorn (SCWL) chickens (n = 5; 17 to 18 wk). The right bile duct was clamped between the liver and gall bladder. Bile samples were collected at 15-min intervals into microcentrifuge tubes (on ice) containing serine borate and iodoacetic acid to prevent glutathione oxidation. After two samples were
INTRODUCTION
Typically, glutathione (GSH) is found at millimolar concentrations within cells because of its importance as a reducing agent in numerous metabolic pathways and as a major water-soluble antioxidant (Tateishi et al., 1977; Beutler, 1989; Kretzschmar and Klinger, 1990; Deleve and Kaplowitz, 1991) . γ-Glutamyltranspeptidase (γGT) is the only enzyme known to degrade glutathione. This membrane-bound enzyme is capable of catalyzing the γ-glutamyl peptide bond of GSH to form glutamate and cysteinglycine. The dipeptide is then catalyzed by dipeptidase to form cysteine and glycine (Meister and Tate, 1976; Meister, 1984; Deleve and Kaplowitz, 1990) . The free amino acids can then be recycled for intracellular GSH synthesis. The activity of γGT is important for recovery of amino acids derived from GSH within the kidney and liver. Acivicin (AT-125), a widely used irreversible blocker of γGT, is able to specifically inhibit γGT activity 1 To whom correspondence should be addressed: wbottje@comp. uark.edu.
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obtained to establish baseline values, retrograde infusion of AT-125 (30 µmol/kg BW) was given to inhibit γGT activity in the biliary tree. Systemic blood pressure of the birds remained above 100 mm Hg throughout each experiment (90 to 120 min). Bile flow did not change significantly during the experiment and ranged between 0.15 ± 0.03 and 0.20 ± 0.07 mL/15 min per kg BW. Baseline biliary secretion values of reduced glutathione (GSH), oxidized glutathione (GSSG), and total glutathione (TGSH) were 4.6, 5.9, and 17 nmol/min per kg BW. After AT-125 infusion, biliary GSH levels increased from 15 to 31 nmol/min per kg BW, indicating that considerable γGT-mediated catabolism of GSH occurred in the biliary tree of SCWL males. These results indicate that considerable turnover of GSH in the livers of domestic chickens is due to biliary excretion and that substantial recovery of GSH occurs through activity of γGT in the biliary tree. (Anderson et al., 1980; Ballatori et al., 1986; Gregus et al., 1987; Wang et al., 1998) .
A major route of GSH export by the liver is into the bile through the canaliculi, either as GSH or GSH-conjugates. Because of the existence of γGT on luminal membranes of bile duct epithelial cells, a significant proportion of GSH in bile is catabolized to component amino acids (Eberle et al., 1981; Abbott and Meister, 1986; Ballatori et al., 1986 Ballatori et al., , 1989 . By retrograde infusion of AT-125 into rat bile ducts, Ballatori et al. (1986) have shown that biliary efflux of GSH increases when γGT activity is inhibited.
The existence of sinusoidal export of GSH by the chicken liver has recently been reported (Wang et al., 1998) . However, the amount of GSH secreted by the chicken liver into bile, and the relative importance of γGT in the biliary tree of domestic fowl has not been documented. Thus, the objectives of present study were to establish baseline values of biliary GSH secretion and to assess the importance of γGT activity in the chicken bile duct.
MATERIALS AND METHODS

Animals
Male Single Comb White Leghorn (SCWL) chicks, obtained from a local hatchery, 2 were placed in cages for 6 wk with free access to feed (20% protein; 3,200 kcal ME/ kg) and water. After 6 wk, the birds were moved to litter floor pens and were fed a diet containing 18% protein and 3,200 kcal ME/kg BW. Birds used in the studies did not have access to feed or water 4 to 6 h prior to surgery.
Bile Collection
The SCWL males (1,400 to 1,700 g; 17 to 18 wk; n = 5) were randomly selected (one bird per day) and anesthetized with an injection of allobarbital (5, 5-diallylbarbituric acid; 62.5 mg/kg BW) 3 into the pectoralis muscle. The left wing vein was cannulated with PE 50 tubing 4 through which mannitol (2.5%; 0.1 mL/min) was infused to hydrate the bird (Wideman and Gregg, 1988) . The right carotid artery was cannulated with PE 50 tubing filled with 0.85% (wt/vol) NaCl containing 200 IU heparin/ mL. An abdominal incision, caudal and lateral to the pectoralis muscle and left of midline, was made to expose the liver (Wang et al., 1998) . The left hepatic duct was cannulated with PE 50 tubing, and the right bile duct was ligated between the liver and gallbladder to insure all bile was collected and to prevent efflux of AT-125 out of the right bile duct following infusion into the left bile duct (see below). No difference in bile flow was observed when both bile ducts were cannulated (unpublished observations).
Bile was collected over 15-min intervals into ice-chilled, tared centrifuge tubes containing 0.8 mL of 100 mM serine borate buffer solution [(wt/vol) 0.1% sodium heparin, 0.2% bathophenanthroline-disulfonic acid, and 0.4% iodoacetic acid] to prevent glutathione oxidation. The tubes were weighed, and bile flow determined gravimetrically. Samples were treated with 0.2 mL 10% perchloric acid (PCA, wt/vol) with 0.2 M boric acid solution, immediately frozen in liquid nitrogen, and stored at −80 C. During each experiment, mean arterial pressure (MAP, in mm Hg) was determined by electronic dampening of the pressure oscillations in the carotid arterial cannula by using a blood pressure transducer and strip chart recorder.
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Experiment Protocol
Pilot studies conducted during development of the sampling protocol revealed that saline infusion had no effect on biliary GSH or GSSG secretion for over 90 min (data not shown). Thus, after two 15-min bile collections, acivicin (AT-125; 30 µmol/kg BW) was administered by retrograde infusion into the left bile duct. Acivicin was dissolved in 0.85% (wt/vol) saline solution (pH 7.3) and gently infused by hand over 1 min in a volume of 500 µL/kg BW plus 50 µL for the cannula dead space. The syringe was held in place for 60 s to allow time for the AT-125 solution to extend throughout the biliary tree. Bile was collected at 15-min intervals for 90 min following the infusion of AT-125.
Glutathione Analysis
Reduced (GSH) and oxidized glutathione (GSSG) were determined according to procedures by Fariss and Reed (1987) . Perchloric acid-treated samples were centrifuged at 12,000 × g for 1 min. γ-Glutamyl glutamic acid was added to each sample to serve as an internal standard. Thiols in supernatant (500 µL) were derivitized with iodoacetic acid (50 µL, 100 mM), followed by neutralization in a potassium buffer (480 µL; 2 M KOH and 2.4 M KHCO 3 ) and treatment with 1 mL of 1% dinitroflurobenzene (vol/vol). After storing derivitized samples overnight at 4 C, the samples were centrifuged 2,000 × g for 10 min, and 20 µL of supernatant was used for HPLC analysis. Total GSH (TGSH) was calculated as GSH + 2(GSSG).
Statistical Analysis
A repeated measures analysis of variance was performed to determine variation caused by sampling time before and after treatment with AT-125. Mean comparisons between sampling times were assessed by multiple t-tests. Data were statistically analyzed with the general linear model procedure of SAS software (SAS Institute, 1996) . A probability level of P ≤ 0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Average MAP did not change through the experiment and was maintained between 104 to 110 mm Hg (Table  1) . Retrograde infusion of AT-125 into the bile duct had no effect on 15-min bile flow, but a transient increase in flow was visually observed immediately after AT-125 infusion as the solution flowed back out of the bile duct.
The effect of AT-125 on biliary levels of GSH, GSSG, and TGSH is shown in Figure 1 . Baseline biliary values of GSH, GSSG, and TGSH, calculated as the average of the two samples collected prior to AT-125 treatment, were 4.6, 5.9, and 17 nmol/min per kg BW, respectively. Infusion at AT-125 elevated biliary GSH and TGSH after 45 and 60 min, respectively, whereas GSSG was not affected by the infusion (Figure 1 ). Bile TGSH concentration nearly doubled following AT-125, from approximately 15 to 31 nmol/min per kg BW. When expressed as a percentage of initial baseline values, GSH and GSSG were elevated after 30 and 75 min, respectively (Figure 2) . Means within a row with no common letter are different (P < 0.05).
1 Acivicin (AT-125) was infused between −13 and −11 min of the experiment.
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Each value represents the mean ± SEM (n = 5).
The results of this study are the first, to our knowledge, to establish a baseline value of biliary glutathione secretion from liver. Both GSH and GSSG are released from the sinusoidal and canalicular membranes. Our results indicate that SCWL males exhibited biliary GSH levels that are approximately 50% lower and GSSG values that are roughly threefold higher than in mammals (Gregus et al., 1987) . Approximately 70 to 80% of TGSH excreted into bile is in the reduced form in rats (Eberle et al., 1981) , whereas the present study indicates that GSH was 50% of TGSH in bile secretion of SCWL males, similar to findings with a perfused liver model (Ballatori et al., 1989) .
Our study demonstrated the existence of γGT activity in the bile duct of domestic fowl. Most peptides can be cleaved by peptidases at the α-carboxyl peptide linkage of the N-terminal amino acid; however, the N-terminal glutamate and cysteine of GSH are linked by the γ-carboxyl group of glutamate, restricting cleavage of GSH to γGT. Glutathione is therefore resistant to intracellular degradation and can only be cleaved by cell types that have γGT on the cell membrane (Deleve and Kaplowitz, 1991) . Because significant amounts of γGT activity exist on the surface of bile duct epithelial cells, we expected that biliary GSH would increase after AT-125, an irreversible blocker of γGT activity, was infused into bile duct to abolish γGT catalysis of GSH degradation. Increases in biliary GSH and TGSH levels were observed after AT-125 treatment in the study, although the increase was not as rapid as in rats (Ballatori et al., 1986) . Compared with baseline values, GSH and TGSH increased by 145% and 89%, respectively, suggesting that a great amount of GSH present in the caniliculus is catabolized by γGT in domestic chickens. The results of the present study are not quantitative, because complete inhibition of γGT activity was not verified.
Glutathione plays a major role in detoxification. Many cytotoxic xenobiotics and chemical carcinogens are converted to reactive electrophilic compounds, such as epoxides, following metabolic activation (Heidelberger, 1975; Miller, 1978; Gelboin, 1980) . In turn, many of these reactive metabolites detoxified by conjugation with glutathione. γ-Glutamyl transpeptidase is the key enzyme in the secretion of glutathione conjugates by the formation of nontoxic mercapturic acid in bile duct, intestine, or kidney (Coles and Ketterer, 1990; Deleve and Kaplowitz, 1990; Ballatori, 1994) . Therefore, the significant increase of biliary GSH levels after AT-125 infusion in the present study demonstrated the potential importance of glutathione and γGT in detoxification in the domestic chicken. By using the value for TGSH at 90 min in the study of 31 nmol/kg BW per min, the rate of biliary secretions of GSH can be calculated:
1. 31 nmol TGSH/kg BW per min × 60 min = 1,860 nmol or 1.86 µmol TGSH/h per kg BW. Wang et al. (1998) reported that 3.2 µmol TGSH/h per kg BW was exported by the broiler liver into the general circulation via hepatic sinusoids. Assuming similarity between broilers and SCWL liver, a total hepatic turnover of TGSH for domestic fowl can be obtained by adding the biliary and sinusoidal TGSH of these studies together: 2. Hepatic TGSH turnover = TGSH (Bile) + TGSH (Sinusoid) = 1.9 + 3.2 µmol TGSH/h per kg BW = ∼5 µmol TGSH/ h per kg BW. Biliary GSH secretion would constitute ∼ 37% with the remainder of hepatic GSH turnover being accounted for by sinusoidal secretion. As the synthesis of one molecule of GSH requires two adenosine triphosphate (ATP) molecules (Meister, 1984) , the amount of ATP utilized in hepatic synthesis of glutathione in a 1.5-kg bird could be as much as 7.65 µmol ATP/h or 0.18 mmol ATP/d.
In conclusion, our work established baseline values for biliary glutathione secretion in the domestic chicken. Inhibition of biliary γGT increased biliary GSH and TGSH secretion. Likewise, our study demonstrated that substantial catabolism of GSH by γGT occurs within the biliary tree of the chicken. The results are important in understanding overall hepatic GSH metabolism in domestic chickens.
